INTRODUCTION
============

Three-dimensional (3D) printing has gained a lot of interest from a variety of fields in recent years ([@R1]). The most promising application of 3D printing in soft tissue engineering is the fabrication of hydrogel-based scaffolds with predesigned structures and functionality ([@R2]). Recent developments in 3D printing of hydrogels have focused on the fabrication of tough, self-recoverable, cell-compatible hydrogels whose architecture is conducive to generation of complex tissues ([@R3]--[@R6]). Complex 3D hydrogel scaffolds that have a fully interconnected structure with predefined dimensions and porosity are required for effective repair or regeneration of tissues and organs ([@R7], [@R8]). Hydrogel-based scaffolds are of specific interest to tissue engineering because they provide an environment with high water content, enabling high cell encapsulation densities ([@R9]--[@R12]). Among the various rapid-prototyping techniques available for 3D printing of hydrogel 3D structures, such as extrusion-based or jetting-based 3D printing, laser-based 3D printing enables high-speed processing of scaffolds with higher resolution \[\<100 nm with two-photon polymerization; 1 to 30 μm with stereolithography (SLA)\] and higher mechanical strength ([@R9]). SLA 3D printing based on digital light processing (DLP) uses a digital micromirror device to cure a complete 2D layer of ink in one go, enhancing the throughput of the process. Unlike two-photon polymerization, DLP 3D printers enable fabrication of larger build size and faster processing speed at a significantly lower cost of the equipment ([@R7], [@R9], [@R13]). In general, processing of hydrogels using SLA-based 3D printing involves an aqueous solution of an oligomer or reactive monomers, photoinitiator (PI), and/or a cross-linking agent ([@R9]). The PI plays a crucial role in determining the rate of polymerization and, consequently, the resulting properties of the printed object and the time required for 3D fabrication. For fabrication of hydrogels with live cells, mild processing conditions are desirable, such as avoiding heating, stirring, and use of organic solvents or ultraviolet (UV) exposure ([@R14]). However, in the absence of highly efficient water-soluble PIs, most current protocols for fabricating hydrogels use nonefficient, poorly water-soluble PIs, which require substantial agitation and/or heating or mixing with organic solvents to obtain clear precursor solutions ([@R15]). Therefore, there is a need for water-compatible PIs that can overcome the above limitations. Here, we present a general, new approach to enabling rapid 3D printing of hydrogels in aqueous solutions based on the conversion of water-insoluble PIs into highly efficient water-dispersible nanoparticles.

Among the limited choices of commercially available, water-soluble PIs, 2-hydroxy-1-\[4-(2-hydroxyethoxy) phenyl\]-2-methyl-1-propanone \[Irgacure 2959 (I2959), Ciba Specialty Chemicals\] is the most commonly reported with aqueous photocurable systems ([@R14], [@R16]). Given this compound's limited solubility in water \[0.47% (w/w)\], dissolving it completely requires substantial agitation and/or heating or mixing with organic solvents. Furthermore, it exhibits low efficiency and slow rate of polymerization upon irradiation with light with wavelengths above 385 nm ([@R15], [@R17]). Alternatively, use of water-insoluble PIs dissolved in organic solvents or their water-soluble derivatives prepared through tedious synthetic procedures is also reported ([@R15], [@R18]--[@R21]). Direct substitution on the PI often decreases its photoactivity and, consequently, affects the overall efficiency of polymerization ([@R22]--[@R24]). For example, synthesized lithium salt of 2,4,6-trimethylbenzoyl-diphenylphosphine oxide (TPO) is reported to absorb weakly in the visible region from 400 to 420 nm ([@R15]).

Biocompatible riboflavin (vitamin B2) has also been reported as a water-soluble PI. However, it could function only with a costly two-photon polymerization printer that has a very small build size ([@R25]). In addition, riboflavin as a PI requires a co-initiator (for example, triethanolamine), nitrogen purging (it is highly susceptible to oxygen), and high power input (\>244 mW). Comparative studies indicated that riboflavin-triethanolamine mixture exhibits lower photosensitivity than the commercially available, water-soluble PI I2959 ([@R25]). Thus, there is an unmet need for highly efficient water-compatible PIs, with high absorbance in the UV-visible range, to enable rapid 3D printing of hydrogels.

Unlike for polymerization in an aqueous medium, there is a large variety of efficient PIs for nonaqueous systems. Among them, TPO has been claimed to be the most efficient PI in initiating the free radical polymerization of various monomers ([@R26], [@R27]). TPO with "aroyl-phosphinoyl chromophore" exhibits a characteristic UV--near-visible absorption around 350 to 380 nm extending up to 420 to 440 nm, with high molar extinction coefficients (ε \~ 300 to 800 M^−1^ cm^−1^) ([@R28]). The long wavelength absorption was identified as an n→π\* transition that is red-shifted because of a moderately strong conjugation between the phosphonyl group and the carbon atom of the adjacent carbonyl group ([@R29], [@R30]). Free radicals generated by TPO react at high rate constants (\~0.2 to 6 × 10^7^ mol^−1^ s^−1^) with compounds having double bonds, such as styrenes, polyesters, and acrylate and vinyl monomers, resulting in fast and thorough in-depth curing/solidification of photocurable systems ([@R27], [@R31]). TPO exhibits good thermal and shelf stability, as well as photobleaching; hence, it is particularly suited for systems requiring no color or odor ([@R24], [@R26]). It exhibits absorption spectra at wavelengths suitable for cell encapsulation ([@R15]) and for commercially available 3D SLA printers. However, TPO has very low water solubility (3.13 mg liter^−1^ at 25°C) ([@R32]), and it should be water-compatible for use in aqueous inks.

Therefore, TPO was selected as a model PI that is converted into water-dispersible nanoparticles. The water-dispersible TPO amorphous nanoparticles were formed by spray drying of volatile microemulsions. The PI nanoparticles enabled rapid 3D printing of complex hydrogel structures in water using SLA-based low-cost 3D printers, without any organic solvent. To the best of our knowledge and experience, this process is impossible to perform with presently available PIs and water-soluble monomers.

RESULTS
=======

Formation and characterization of TPO nanoparticles
---------------------------------------------------

Drying of volatile microemulsions by spray drying or lyophilization has been recently reported as a simple method for preparing organic drug nanoparticles ([@R33], [@R34]). The resulting nanoparticles of poorly water-soluble compounds were easily dispersed in water to give a clear, stable dispersion ([@R34]). Furthermore, the addition of a polymer such as polyvinylpyrrolidone (PVP) prevented crystal growth of the organic compounds during dispersion in water. TPO nanoparticles were prepared by a similar approach, while using oil-in-water microemulsions containing TPO at various concentrations (table S1). Free-flowing, dry powders were obtained after spray drying of microemulsions, for all compositions (table S2). Similar powders were also obtained by lyophilization, which is commonly performed in many laboratories and is suitable for the preparation of small quantities of the PI powder (detailed in the Supplementary Materials).

Dispersion of these powders \[0.1% (w/w)\] in water resulted in clear aqueous dispersions with a bluish tinge. Dynamic light scattering (DLS) measurements showed unimodal particle size distribution with a polydispersity index in the range from 0.02 to 0.2. The mean TPO nanoparticle size ranged from 180 to 350 nm, wherein TPO nanoparticle size increased significantly \[*P* \< 0.001; one-way analysis of variance (ANOVA) with Holm-Sidak test for pairwise comparisons\] with the increase in TPO concentration in the microemulsion ([Fig. 1](#F1){ref-type="fig"}). The particles in powder form were stable for over 85 days while stored at either −20° or 25°C (no change was observed in the mean TPO particle sizes after dispersion in water; details regarding size and concentration effects are presented in the Supplementary Materials; fig. S1). Cryo--transmission electron microscopy (TEM) imaging of a 0.1% (w/w) aqueous dispersion of powder containing 25% (w/w) TPO nanoparticles exhibited particles with a mean diameter of 305 ± 140 nm (*N* = 10; fig. S2).
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Average (Avg) particle size of an aqueous dispersion of 0.1% (w/w) powder containing TPO nanoparticles obtained from microemulsions with various concentrations of TPO. Inset: Cryo--TEM image of an aqueous dispersion \[0.1% (w/w)\] of powder containing 25% (w/w) TPO.](1501381-F1){#F1}

Dispersing the powders containing 5 to 15% (w/w) TPO at concentrations higher than 1% (w/w) resulted in a clear transparent system. DLS measurements and cryo-TEM imaging did not reveal the presence of particles, indicating that the TPO is most likely solubilized in the presence of the surfactant. To verify that TPO is not simply solubilized in a micellar solution of surfactants, we dispersed the unprocessed TPO in water with the SDS and PVP at concentrations similar to those in a 1% (w/w) aqueous dispersion of the TPO nanoparticles. The mixture was then subjected to either high-speed stirring for 24 hours at room temperature or sonication for 60 min, followed by filtration using a 0.22-μm filter and measurements of the concentration of solubilized TPO with a UV spectrophotometer. About 85 to 87% (w/w) TPO was solubilized in this micellar solution after a long duration of high-speed stirring or sonication. However, TPO nanoparticles were readily dispersed with simple manual shaking for 1 to 2 min, resulting in a clear system. Furthermore, the dispersions of the TPO nanoparticles were stable at room temperature for a prolonged period and therefore can be used for 3D ink formulations (fig. S3).

The resulting particles of TPO were further studied by x-ray diffraction. The particles were amorphous and did not crystallize even after storage for 85 days at 25°C (fig. S4). The retention of the amorphous property of TPO nanoparticles can be attributed to crystallization inhibition by PVP. PVP has been reported to undergo intermolecular interactions by forming hydrogen bonds with the hydrophobic compounds and delaying the crystal growth process ([@R35]) or by increasing the kinetic barrier to nucleation ([@R36], [@R37]).

Efficiency of TPO nanoparticles
-------------------------------

Photoinitiation is the most critical step in a photopolymerization process, which determines the kinetics and properties of the resulting polymerized objects. The rate of photopolymerization is generally proportional to the square root of the rate of initiation (*R*~i~) ([@R15]). For photoinitiated polymerization, *R*~i~ is directly proportional to the incident light intensity, the concentration of PI, and the intrinsic properties of the PI. The intrinsic properties of the PI that influence its utility are the molar extinction coefficient (ε), the quantum yield or cleavage events that occur per photon absorbed, and the PI efficiency or the ratio of initiation events to radicals generated by photolysis. For efficient polymerization, the initiator should have a large ε and a good overlapping absorbance spectrum with the emission spectrum of the light sources.

The molar extinction coefficient of TPO nanoparticles was measured and compared with that of the commercial water-soluble PI I2959 using a 4 mM aqueous solution. As shown in [Fig. 2](#F2){ref-type="fig"}, the ε of TPO nanoparticles at 365 nm was \~680 M^−1^ cm^−1^, more than 300 times larger than that of the most used commercially available water-soluble PI I2959 (ε = 2.25 M^−1^ cm^−1^). In addition, the TPO nanoparticles absorb significantly in the visible region from 400 to 420 nm, making them suitable also for polymerization on the basis of light-emitting diode (LED) lamps used in DLP-based 3D printing (tables S3 and S4).

![Molar extinction coefficient of TPO nanoparticles.\
Molar extinction coefficients of the TPO nanoparticles (solid line) and I2959 (dashed line) obtained by measuring the absorbance of 4 mM aqueous solutions.](1501381-F2){#F2}

The TPO nanoparticles are also superior to another approach to making TPO compatible with water, by chemical modification. Recently, a water-soluble lithium salt of TPO was synthesized and evaluated for its ability to polymerize polyethylene glycol monomers into hydrogels ([@R15]). The ε of this water-soluble TPO salt was 218 M^−1^ cm^−1^ at 365 nm, which was less than the reported ε of TPO in the organic medium methyl methacrylate (ε~max~ \~ 520 M^−1^ cm^−1^ at 381 nm) ([@R38]). In comparison with both the reported molar extinction coefficients of lithium salt of TPO in water and unprocessed TPO in organic solvent, the TPO nanoparticles exhibited larger values at the wavelengths of commonly available UV lamps. Up to 3% (w/w) TPO nanoparticles can be dispersed in water at 25°C (100 times more than the water solubility of bulk TPO), without a significant increase in viscosity. Overall, the high water dispersibility and very high molar extinction coefficients at the UV range make the TPO nanoparticles excellent candidates for 3D printing in aqueous solutions, as will be shown in the following polymerization and printing results.

Polymerization kinetics of acrylamide in aqueous solutions with TPO nanoparticles was compared to that in aqueous solutions of the commonly used PI I2959 to determine the polymerization efficiency of TPO nanoparticles. A Fourier transform infrared spectrophotometer (ALPHA FT-IR Spectrometer, Bruker) was used in conjunction with a platinum attenuated total reflection (ATR) single-reflection diamond accessory (sample scans, 64; resolution, 4 cm^−1^). The polymerization medium comprised aqueous solutions of 20% (w/w) monomer (acrylamide) with the cross-linking monomer polyethylene glycol 600 diacrylate \[5% (w/w) monomer\] and PI \[TPO nanoparticles or I2959 at a concentration of 0.5% (w/w) monomer\]. The resulting aqueous acrylamide solutions had 2.9 mM TPO and 4.5 mM I2959. Measurements were performed on \~200 μl of a polymerization solution dropped on the ATR diamond. The UV light was radiated onto the sample through a chamber (at 1.5-cm height) centered at the ATR diamond. Monochromatic UV LED (Integration Technology) irradiating at 395 nm was used for photocuring. Infrared spectra were recorded after every 4 s, for a total duration of 40 s. The polymerization kinetics was studied by monitoring the Fourier transform infrared spectra in the range from 1800 to 800 cm^−1^.

The percentage of conversion of acrylamide was calculated from the decay/disappearance of the absorption peaks of methylene group vibrations at 988 cm^−1^ (assigned to the out-of-plane bending mode of the ═C--H unit) normalized to the C═O stretching peak at 1654 cm^−1^ as an internal standard ([@R39]). The area under the peak at 988 cm^−1^ at different durations of UV exposure was compared with the sample with no UV exposure. As shown in [Fig. 3](#F3){ref-type="fig"}, the TPO nanoparticles enabled much faster photopolymerization of acrylamide than did I2959. With TPO nanoparticles, after \~40 s of irradiation, the =C--H bond peaks disappeared completely (fig. S5A), and the sample on the ATR diamond was completely solidified. However, in the case of solutions with I2959, even after curing for 300 s there was no significant change in ═C--H bond peaks (fig. S5B), whereas the sample on the ATR diamond remained in liquid form. As expected, better polymerization profiles were obtained using TPO nanoparticles concordant with the much larger extinction coefficient of the TPO nanoparticles compared to I2959. The measured efficiency of TPO nanoparticles in photopolymerizing aqueous solutions of acrylamide in air at 25°C was found to be highest among various water-compatible PIs reported in the literature (see comparison in table S5).
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Percentage of conversion of vinyl bonds calculated using aqueous acrylamide solutions with TPO nanoparticles and I2959 at 988 cm^−1^ (assigned to the out-of-plane bending mode of the ═C--H unit) normalized to the C═O stretching peak at 1654 cm^−1^ as an internal standard at varying durations of UV (395-nm) exposure.](1501381-F3){#F3}

Three-dimensional printing of hydrogel model using TPO nanoparticles
--------------------------------------------------------------------

The suitability of TPO nanoparticles for enabling photopolymerization in water was important in the 3D printing of aqueous acrylamide formulation. The aqueous ink solutions contained 38.5% (w/w) acrylamide with a cross-linking monomer \[ethoxylated trimethylolpropane triacrylate, SR-9035; 8.9% (w/w) monomer\], PI \[TPO nanoparticles or I2959 at a concentration of 2.4% (w/w) monomer\], and yellow dye (2.4% of the monomer; Duasyn Acid Yellow XX-SF liquid, Clariant). A predesigned hydrogel model was 3D printed using an SLA 3D printer (Freeform Plus 39, Asiga). This printer operates by a top-down SLA system with a digital mirror device and a UV-LED light source (385 nm). After 3D printing, the structures were rinsed with water in a sonicator bath for 1 min to remove the monomer/PI residues. The structures were observed under an environmental scanning electron microscope (Quanta 200 FEG, FEI).

Three-dimensional printing of hydrogel was performed at a rate of 6 s per layer (100-μm layer thickness with 6-s irradiation to each layer). A stable woodpile-structured hydrogel (build size, 25 mm × 25 mm × 3 mm) ([Fig. 4](#F4){ref-type="fig"}) was built within 25 min using TPO nanoparticles. The printed hydrogels had more than 80% (w/w) water content, as detailed in the Supplementary Materials. Cytotoxicity and cell viability studies indicated that the PI nanoparticles and 3D printed hydrogels were biocompatible and comparable to those observed in the commonly used polyethylene glycol diacrylate (PEG-DA) hydrogel scaffold. Experimental details and results regarding biocompatibility studies are presented in the Supplementary Materials. The measured mechanical strength of the printed hydrogels (complex shear modulus, 47.3 ± 0.7 kPa) was more than six times greater than that of the reference PEG-DA hydrogels, indicating that it would likely be strong enough to hold its own weight for in situ and implant purposes. The experimental details are presented in the Supplementary Materials, along with shear storage modulus and shear loss modulus results in fig. S8.
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(**A** to **D**) Three-dimensionally printed woodpile-structured hydrogel scaffold using TPO nanoparticles.](1501381-F4){#F4}

The hydrogel structure obtained from polymerizing aqueous solutions with TPO nanoparticles was compared with that obtained from solutions with I2959 to investigate the differences in photoreactivity and 3D printing capabilities. In contrast to inks containing TPO nanoparticles, no 3D structures could be printed using I2959 aqueous solutions. Even after increasing the curing time per layer (1.5 min per layer) and the concentration of I2959 \[up to 20% (w/w) monomer\], no hydrogel structure was obtained. The fast polymerization with TPO nanoparticles can be explained in terms of better solubility of the TPO, resulting in improved dispersion and thus fast availability of free monomers to the newly formed free radicals ([@R24]). Because no chemical modification of PI was involved during the processing of TPO nanoparticles, the characteristic high extinction coefficient of TPO was retained in the aqueous system. Thus, on the basis of these findings, the common and efficient PIs for organic solvent--based inks can be used now for 3D printing of aqueous systems, if converted into nanoparticles. Recent advances in 3D printing involve smart materials that can undergo programmed changes in structure, size, and pattern over the fourth dimension, that is, postprinting time under the influence of external stimuli ([@R40]). Application of such printing to the biomedical field is defined as 4D bioprinting ([@R41]). We expect that the new water-dispersible PI nanoparticles could also be used in 4D bioprinting, particularly when water-soluble, stimuli-responsive materials or high water content is a requisite.

CONCLUSION
==========

In summary, preparation of TPO nanoparticles for 3D printing of hydrogels addresses the challenge of having highly efficient water-soluble/water-dispersible PIs with high absorbance in the UV-visible region. We characterized TPO nanoparticles for their effectiveness in initiating polymerizations by 3D printing of a predesigned hydrogel model and fabricated a hydrogel scaffold with high-resolution woodpile structure using an SLA-based 3D printer. Neither chemical modification of PI nor addition of organic solvents was required for obtaining the efficient PI. The presented approach for converting water-insoluble PIs into those that can be used in aqueous systems opens the way for obtaining other PIs and for improving polymerizable aqueous inks for the emerging field of 3D printing.

MATERIALS AND METHODS
=====================

Details of Materials and Methods are available in the Supplementary Materials.

Materials
---------

Chemicals were purchased from Sigma and PI was obtained from BASF, unless otherwise specified. Oligomers and cross-linkers were acquired from Sartomer-Arkema. Ultrapure water obtained from NANOpure-DIamond \[triple distilled water (TDW)\] was used in all of the experiments.

Preparation of PI containing microemulsions
-------------------------------------------

Our previously reported method for preparing nanoparticles of a poorly water-soluble compound by evaporation of volatile oil-in-water microemulsions was used to prepare the PI nanoparticles ([@R33]). Oil-in-water microemulsions containing varying concentrations of TPO were prepared at room temperature by mixing *n*-butyl acetate with SDS (as surfactant), isopropyl alcohol (as cosolvent), and PVP (as crystallization inhibitor) to create an "oil" (organic) phase in which TPO is dissolved. Afterward, the oil phase was mixed with TDW and magnetically stirred at 25°C until clear systems were obtained. The compositions of microemulsions are presented in table S1.

Conversion of microemulsions into nanoparticles
-----------------------------------------------

The above microemulsions were spray-dried by a Mini Spray Dryer B-290 equipped with Inert Loop B-295 and Dehumidifier B-296 (Buchi). The resultant products were dry, free-flowing powders (compositions given in table S2), which were stored in tightly closed glass vials.

Dispersion of TPO nanoparticles in water
----------------------------------------

The powders obtained at the end of the spray-drying process were dispersed \[0.1 to 1% (w/w)\] in TDW. The samples were vortexed for 1 min and magnetically stirred at room temperature for 5 min. This powder-dispersing procedure was performed to have a reproducible procedure, although simple manual shaking of the dispersion for 1 to 2 min was sufficient to obtain a clear system.

Size measurements of TPO nanoparticles
--------------------------------------

The particle size distribution after dispersion in water was measured at room temperature by DLS using a Nano ZS Zetasizer (Malvern).

Cryo-TEM
--------

After dispersing the powder in water \[0.1 to 1% (w/w)\], the TPO nanoparticles were evaluated by cryo-TEM. All samples were studied under low-dose conditions by an FEI Tecnai 12 G2 transmission electron microscope operated at 120 kV. Images were recorded on a 4K × 4K FEI Eagle charge-coupled device camera.

Crystallinity measurement of TPO nanoparticles
----------------------------------------------

Powder x-ray diffraction (PXRD) measurements were performed using a D8 Advance diffractometer (Bruker AXS).

UV absorption measurements
--------------------------

To evaluate the suitability of the TPO nanoparticles for aqueous ink formulations, we further studied the stability of the aqueous dispersion that was quantified by UV spectroscopy. The stability of dispersed PI nanoparticles in water was evaluated by measuring the TPO concentration in the filtrate at various time intervals after dispersing the powders in water. PI nanoparticles were dispersed in water and subsequently filtered through 0.22-μm polyvinylidene difluoride (PVDF) filters. Quantification of TPO concentration in the filtrate was performed with a UV spectrophotometer (UV-1800, Shimadzu). The experiments indicated that the dispersion remains stable for at least 50 days (fig. S3) and therefore can be used for ink formulations. The molar extinction coefficients (ε) were measured and compared with those of commercially available PI I2959. Absorption spectra were determined in the range from 300 to 440 nm because this range reflects the emission of most commercially available UV lamps.

Measurement of PI activity
--------------------------

To determine the polymerization efficiency of TPO nanoparticles, we measured the polymerization kinetics of acrylamide in aqueous solutions with TPO nanoparticles and compared it to that in aqueous solutions of the commercial water-soluble PI I2959. A Fourier transform infrared spectrophotometer (ALPHA FT-IR Spectrometer, Bruker) was used in conjunction with platinum ATR single-reflection diamond accessory (sample scans, 64; resolution, 4 cm^−1^). The polymerization solutions comprised aqueous solutions containing 20% (w/w) monomer (acrylamide) with the cross-linking monomer polyethylene glycol 600 diacrylate \[5% (w/w) monomer\] and PI \[TPO nanoparticles or I2959 at a concentration of 0.5% (w/w) monomer\].

Three-dimensional printing of model structure
---------------------------------------------

Three-dimensional hydrogels were prepared by UV-curing aqueous solutions containing 38.5% (w/w) monomer (acrylamide) with a cross-linking monomer \[ethoxylated trimethylolpropane triacrylate, SR-9035; 8.9% (w/w) monomer\], PI \[TPO nanoparticles or I2959 at a concentration of 2.4% (w/w) monomer\], and yellow dye (2.4% of the monomer; Duasyn Acid Yellow XX-SF liquid, Clariant). A predesigned hydrogel model was 3D printed using an SLA 3D printer (Freeform Plus 39, Asiga). This printer operates by a top-down SLA system with a digital mirror device and a UV-LED light source (385 nm). After 3D printing, the structures were rinsed with water in a sonicator bath for 1 min to remove the monomer/PI residues. The structures were observed under an environmental scanning electron microscope (Quanta 200 FEG, FEI).
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